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Abstract 
The evaluation on energy characteristics of earthquake-excited building structures with seismic protection devices is 
actively carried out in this study. The mechanical model of passive friction dampers is first introduced and the 
dynamic model of building-damper system is proposed. The evaluation criteria of energy responses are developed 
and applied to the earthquake response mitigation of a real multi-story building incorporated with friction dampers. 
The observations indicate that the earthquake-induced vibration of the structure can be substantially suppressed and 
the proposed energy evaluation criteria can be effectively utilized in the examination on seismic mitigation 
performance.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1.Introduction 
To be a typical kind of civil engineering structures, the multi-story building structures are prone to the 
strong earthquake. A large number of multi-story building structures are severely damaged and even 
collapsed in the strong earthquake in the past several years such as Wenchuan earthquake, Haiti earthquake, 
and Yushu earthquake, etc. To examine the dynamic properties of building structures under strong 
earthquake, many theoretical and experimental investigations have been carried out during the past several 
decades [1-2]. It is a practical task for engineer and researcher to guarantee the structural safety under 
seismic loading and avoid the structural damage. To adopt energy-dissipating dampers is an effective 
approach in seismic protection. Modern versions of friction damper have already been implemented in a 
number of civil engineering structures around the world [3-6].  
Up to know, however, the evaluation of energy properties of building structures under strong 
earthquake has not been reported. To this end, the feasibility of using vibration energy criteria to assess the 
control performance of the building structures is actively carried out in this study. The equation of motion 
of a multi-story building incorporated with friction dampers disturbed by strong earthquake is established. 
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Five vibrant energy indices are developed and a ten-story building constructed in China is taken as the 
example to examine the feasibility and reliability of the proposed control approach. The observations 
demonstrate that the incorporation of friction dampers into the structure can remarkably improve the 
structural safety subjected to strong seismic excitations and the energy criteria are effective on the 
assessment of control performance.  
2.Model of Building Structure 
As typical civil engineering structures, building structures can be analyzed based on finite element 
method (FEM) by adopting truss elements. The stiffness and mass matrices of the mth floor can be 
deduced as  
         
 m
m m T m m m
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where  mU is the density of the mth element, ( )mB is the strain-displacement matrix which includes the 
differential coefficients of shape function ( )mH  to coordinates,  mD is the material matrix.  
For the shear building in this study, the two dimensional (2D) truss elements with two degrees of 
freedoms at each node are normally adopted to simulate the dynamic responses under seismic excitations. 
In the local coordinate system, the nodal displacement and force of the mth element are  
( ) { , , , }m T
e i i j j
u v u v į    (3) 
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The element stiffness and mass matrices in the global coordinate system are expressed as 
( ) ( ) ( ) ( )m m T m m
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Where ( )m
a
T  is the corresponding coordinate transformation matrix of the mth element.  
After determining the element stiffness and mass matrices in the global coordinate system, one can 
construct the position matrix of elements ( )m
c
T following the FEM connection information of each element 
under both local and global coordinate systems. Thus, the global stiffness and mass matrices of the 
structure can be formed 
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where ne is the total number of floor of the building structure, ( )mT  is the freedom transform matrix from 
element coordinate system to global coordinate system, which is the product of coordinate transformation 
matrix ( )m
a
T and position matrix ( )m
c
T of the mth element  
( ) ( ) ( )m m m
a c
 T T T    (9) 
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3.Mechanical Model of Friction Damper 
( ), ( )d t d t
damper force ( )u t
Axial stiffness of
 friction damper
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Damper slippage e
Clamping force N
Figure 1. Mechanical model of friction damper 
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Figure 2. Installation of friction dampers on a multi-story building 
The configuration of passive friction damper with brace is displayed in Fig. 1. The magnitude and 
direction of friction force are closely related to the deformation and velocity between the two ends of the 
damper as well as the damper slippage 
 , ,u u d d e      (10) 
Where d is the deformation between the two ends of the damper, which includes the axial deformation of 
the damper; e denotes the damper slippage. If the damper is sticking 
 
EAu
d e
L
 

; 0e      (11) 
If the force in the damper is larger than the slipping force, the damper begins to slip 
 sgnu N dP      (12)
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4.Equation of Motion of Controlled Building 
The equation of motion of a building subjected to earthquake excitations is written as (Fig. 2) [7] 
1
( ) ( ) ( ) ( ) ( )
g
t t t x t t    Mx Cx Kx MI Hu   (13) 
where M, C and K are mass, damping and stiffness matrices of the workshop structure respectively, ( )tx ,
( )tx  and ( )tx are the displacement, velocity and acceleration responses with respect to the ground motion, 
respectively, ( )
g
x t  is the ground acceleration; I1 is unit vector, u(t) is the control force produced by 
piezoelectric damper, H is the influence matrix for interaction force u(t). 
5.Energy Criteria of Seismic Vibration 
The energy representation for the structural responses can be formed by integrating the individual force 
components in (13) over the corresponding relative displacement. The starting point for accumulating 
energy is from the beginning of vibration due to seismic excitation. The absolute energy equation 
corresponding to (10) then becomes 
K D S P IE E E E E      (14) 
where 
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The terms on the left hand side of (14) quantify the contribution of the various forms of energy that the 
structure employs to resist the earthquake. EK is the structural kinetic energy, ED is the energy dissipated by 
structural damping, ES is the structural strain energy, EP is the energy dissipated by the friction dampers, 
and EI is the total input energy from seismic excitation. 
6.Case Study 
To examine the effects of the proposed control approach and evaluate the structural energy properties 
under strong earthquake, a ten-story building structure as shown in Fig. 3 is taken as the example. The 
mass and horizontal stiffness of the undamaged building are uniform for all stories with a mass 6×104 kg
and a horizontal stiffness 1.33×108 N/m. The Rayleigh damping assumption is adopted to construct the 
structural damping matrix, and the damping ratios in the first two modes of vibration of the building are 
set as 0.02.  
In order to evaluate structural energy properties, two far-field and two near-field historical records are 
selected: (1) El Centro (N-S component); (2) Hachinohe (N-S component); (3) Northridge (N-S 
component), and (4) Kobe (N-S component). The original peak acceleration of the earthquake records are 
3.417, 2.250, 8.2676, and 8.1782 m/s2, respectively. The earthquake records are shown in Fig. 4. The 
seismic excitations used are the first 20 second portion of the original earthquake ground acceleration 
with a manipulated uniform peak amplitude 4.0m/s2 in order to compare the structural energy properties 
under different earthquakes.  
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Figure 3. Elevation of ten story building 
Figure 4. Time histories of the four earthquake records 
Fig. 5 (a)-(d) indicates the energy responses of the exampled building under concerned four earthquakes. 
It is easy to understand that the energy input from seismic excitation is equal to the sum of kinetic energy, 
strain energy and the energy dissipated by structural damping. It is found that the structural kinetic energy 
and strain energy of the building are smaller than the energy dissipated by the structural dampers. It is also 
found that the energy input from various earthquake to building are quite different even the different 
earthquakes are modulated with the same intensity. This observation clearly reveals that the energy input is 
closely to the structural vibrant status and the characteristics of the earthquakes. The stronger the vibration, 
the more is the inputted earthquake energy.  
If the structural is installed with friction dampers (Fig. 6), the input energy is equal to the sum of kinetic 
energy, strain energy, energy dissipated by structural damping and energy dissipated by friction dampers. It 
is found that the structural kinetic energy and strain energy of the controlled building are smaller that those 
of the original building. The friction dampers dissipate quite much energy to suppress the structural 
vibration. 
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Figure 5. Energy responses of studied building under various earthquakes 
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Figure 6. Energy responses of the building with dampers 
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Fig.7 displays the hysteresis loops of damper No. 2 in the 2th floor. The hysteresis loops are quite close 
to the rectangular loop which further indicates that the axial stiffness of damper is large enough for the 
dissipation of vibrant energy. 
-0.04 -0.02 0.00 0.02 0.04
-80
-40
0
40
80
D
am
p
er
 f
o
rc
e 
(k
N
)
Deformation
Damper No.2 within floor No.2
Figure 7. Hysteresis loops of passive friction dampers 
7.Conclusions 
The feasibility of using energy criteria to assess the control performance of friction dampers on the 
multi-story building under strong earthquake is actively carried out in this study. The seismic mitigation 
of the dynamic responses of the building with friction dampers is conducted for vibrant energy evaluation. 
It is observed that the structural dynamic responses can be substantially reduced. The developed energy 
criteria are effective in the performance assessment of seismic mitigation. 
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